Abstract: Polymeric microspheres were used to enhance sensitivity and selectivity in the detection of DNA point mutations with a surface plasmon resonance (SPR) biosensor. First, single-strand DNA probes were immobilized onto epoxy group derivatized gold surfaces and the hybridization of DNA targets was monitored. SPR response was small. The subsequent interaction with DNA-carrying microspheres enhanced the response due to a significant increase of mass bound to the targets. After this, the flow rate of the buffer solution was increased during dissociation. An increase in shear stress resulted in the detachment of DNA-carrying microspheres hybridized with mismatched pairs and so the increasing ability to discriminate the point mutation. The same effect was reached by an increasing viscosity of the buffer solution.
Introduction
There are several methods to detect a small amount of materials adsorbed or bound onto substrates, which include surface plasmon resonance (SPR) sensor chip, quartz crystal microbalance, electrodes, etc. The SPR sensor is composed of a light source, a prism, an Au chip facing to a micro flow cell and a detector (Fig. 1) . When the light goes to the prism, most of it is reflected but a bit passes through the Au film, this is the evanescent wave. The evanescent wave from the incident light with a certain angle causes resonance with the surface plasmon of Au and, as a result, the intensity of reflection decreases. The specific angle is referred to as the resonance angle. The resonance angle depends on the refractive index of the domain near the sensor chip surface. This means that adsorption of materials causes a shift of the resonance angle. Thus, we can get quantitative information about adsorption from the extent of resonance angle shift.
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There are two methods to determine the adsorption. One is just to measure the shift of the resonance angle by scanning the angle. This principle is adopted by the Biacore SPR sensor. The other is to monitor the change of reflection intensity at a fixed angle. When a CCD camera is used for monitoring in the latter system, a large number of sample spots can be monitored as visual images simultaneously and the system is called SPR imaging [1] . There have been several studies on the detection of DNA hybridization on SPR sensors [2, 3] . We tried to discriminate a DNA point mutation using a Biacore SPR sensor and a SPR imaging system. The DNA examined was the K-ras gene whose point mutation is well known as a sign of cancer. The SPR signal of DNA hybridization with probe DNA was not enough to quantify it. So the discrimination of the point mutation from normal DNA is difficult. We developed a new method in which polymeric microspheres play an important role in the enhancement of sensitivity and selectivity. 
Experimental part

Materials
Probe ssDNA was 5'-Bio-ACG-CCA-CGA-GCT-CCA-3'. Complementary and pointmutated 11-, 15-, 30-, 60-, 85-mer ssDNAs were used as analytes. The one-base mismatch site was located 8 bases away from the 3' end for all analyte ssDNAs except for the 85-mer, in which the mismatch was 42 bases away from the 3' end. 3'-Amino-terminated 15-mer ssDNA was attached to microspheres through 15-mer thymine spacers and used as the probe for the sandwich method. All ssDNAs were prepared by Nippon Flour Mills. Hexanedithiol, ethylene glycol diglycidyl ether (EGDE), tosyl chloride, biotin, and streptoavidin were used for the construction of a two-dimensional SAM layer on an Au chip.
Acrylamide (AAm), methacrylic acid (MAc), methylenebisacrylamide (MB), styrene (St), and glycidyl methacrylate (GMA) were used for the preparation of microspheres. AAm was recrystallized in ethanol. St and GMA were purified by distillation under reduced pressure and others were used without further purification.
Preparation of two types of DNA-carrying polymeric microspheres
2 Two kinds of microspheres unsusceptible to non-specific adsorption were prepared as follows: Hydrogel microspheres (AM microspheres) were prepared by precipitation polymerization of AAm, MBAAm and MAc using 2,2'-azoisobutyronitrile. St-GMA copolymer microspheres (SG microspheres) were prepared by soap-free emulsion polymerization using potassium persulfate. 
Fabrication of the sensor surface
Two types of sensor chips were used in this study. One is a 3-D dextrin gel layer, which is commercially available from Biacore. We prepared a 2-D SAM layer on an Au chip. It was fabricated by the following procedure. First, the Au chip was immersed into 5 mM ethanolic solution of 1,6-hexanedithiol for 24 h at room temperature. The obtained thiol-modified surface was rinsed with ethanol and Milli-Q water. Secondly, this surface was immersed in 3 ml of EGDE at 37°C for 24 h to introduce the ethylene glycol moiety by thiol-epoxy reaction. Resulting top surface epoxy groups were hydrolyzed and reacted with p-toluenesulfonyl (tosyl) chloride solution in pyridine and absolute acetone (2:3) for 15 min at room temperature. Then this surface was incubated in biotin solution at 37°C for 16 h. Finally, 0.5 µl of 1.5 mM biotinylated ssDNA ligands in PBS buffer were spotted on the SA surface and incubated at 37°C for 1 h.
SPR measurement
Before the measurement, 10 mM NaOH was injected to the SPR instrument three times for 1 min to make the surface clean. The SPR running buffer and the sample in the same buffer were applied to the sensor chip surface at a flow rate of 200 µl/min at 30°C. SPR images and signal data were recorded with the Multi-SPR inter Analysis Program (Toyobo). Because hybridization of ssDNA analytes with probe ssDNA on the sensor surface gave only a little signal, ssDNA-carrying microspheres were injected to the SPR imaging instrument for signal enhancement after the analyte/ probe hybridization. In order to regenerate the sensor surface, 50 mM NaOH aqueous solution was injected twice for 1 min at the end of each experiment.
Enhancement of the ability of discrimination of a point mutation
Use of ssDNA-carrying microspheres for the sandwich method enhanced the sensitivity of hybridization but had little effect on the discrimination of a point mutation from normal DNA. To improve the discrimination, the rate of flow or the viscosity of the running buffer solution were increased expecting that weakly hybridized couples would be detached preferentially.
Results and discussion
Construction of a 2-D SAM layer on a gold chip
A three-dimensional, carboxylated dextran layer on an Au chip is commonly used for Biacore biosensor chips (Fig. 2, left) . It has a large capacity for the probe to be immo-bilized. This gives a large number of possible hybridization sites, but cannot avoid contamination due to its 3-D nature. To overcome this disadvantage of the 3-D gellayered chip, a 2-D SAM chip was created using alkanethiol [4] , EGDE, and tosyl chloride.
The key material for the 2-D SAM chip was ethylene glycol diglycidyl ether (EGDE). It gives hydrophilicity to the layer to prevent non-specific adsorption, and acts as a spacer. In fact, the amount of globulin adsorption was negligible on the layer whose outermost part was composed of EGDE, and the next reaction to bind biotin proceeded smoothly. 
Preparation of ssDNA-carrying polymeric microspheres
Precipitation polymerization of AAm, MAc and MB in ethanol gave soft hydrogel microspheres (AM) [5] . Soap-free emulsion polymerization of St and GMA followed by seeded polymerization of GMA gave hard microspheres (SG) [6] . Conversions for both polymerizations were over 95%. Carboxyl groups were introduced to the surface of SG microspheres by the reaction of mercaptoacetic acid with epoxy groups originated from GMA up to 24 COOH/nm 2 . An experiment to check the adsorbability of DNA on these microspheres revealed that both were not susceptible to non-specific adsorption. Therefore, ssDNA binding must be done by chemical immobilization using COOH groups on the microspheres. The resulting ssDNA-immobilizing microspheres, AM-DNA and SG-DNA, had about 1000 and 500 ssDNA/particle, respectively. Their TEM views shown in Fig. 4 indicate that both were monodisperse.
The diameters of dried AM-DNA and SG-DNA were 202 and 203 nm, respectively. The hydrodynamic diameter of AM-DNA was 300 nm, which indicated that AM-DNA was highly swellable. In contrast, the hydrodynamic diameter of SG-DNA was almost the same as that of dried microspheres. . The experiments were carried out at 25°C using a flow rate of 5 µl/min in SPR running buffer. 60M8: 5'-GGA GAG AGG CCT GCT GAA AAT GAC TGA ATA TAA ACT TGT GGT AGT TGG AGC TCG TGG CGT-3'; 60W8: the same as above except for C, which was changed to G; 60neg: 5'-GGA GAG AGG CCT GCT GAA AAT GAC TGA ATA TAA ACT TGT GGT AGT GTT CTA GAT GTT ATG-3'
SPR measurement of hybridization between analyte ssDNAs and probe ssDNA
Three analyte ssDNAs, 60-base ssDNAs complementary (60M8), one-base mismatched (60W8) and fully mismatched (60neg) to probe ssDNA, were poured into the SPR Biacore sensor cell and the extent of hybridization between analyte and probe ssDNAs was measured in real time. The responses are shown in phase I in Fig. 5 . The responses resulting from the three analytes were different but too small to quantify the differences. Therefore, some method to amplify the response was searched for. 
SPR response enhancement by polymeric microspheres with the sandwich method
At 1260 s in Fig. 5 , a dispersion of AM-DNA was injected into the cell. This procedure, application of the microsphere-label sandwich method [7] , gave a drastic change in the SPR sensogram as shown after phase II in Fig. 5 . Curve d in Fig. 5 indicates that another sandwich method using a low-molecular-weight counterpart, aminated ssDNA, did not enhance the response. From these results it can be concluded that polymeric microspheres of sub-micron size are an excellent tool for the enhancement of SPR response.
An interesting result was obtained in the sandwich system of SG-DNA in which DNA was bound to SG microsphere directly. The application of SG-DNA at time 0 s in Fig.  6 caused a slight increase in response. The ability of SG-DNA to enhance the response was much smaller than that of AM-DNA. But when we used SGNE-DNA, in which EGDE was inserted between microsphere and DNA, the sensogram was significantly enlarged as shown in Fig. 6 . This result clearly indicates that EGDE is a very effective spacer, which eliminates the steric hindrance caused by the microsphere. Namely, SG microspheres have rigid surfaces and prevent the access of foreign materials to the ssDNA bound directly to their surface, however, when EGDE is inserted between the surface and ssDNA, the ssDNA becomes flexible and free from steric hindrance.
There have been some reports describing the merits of Au colloids and liposomes as enhancers of SPR signals [8] [9] [10] . But an examination for signal enhancement using Au colloids revealed that appreciable non-specific binding took place and caused a low signal-to-noise ratio (S/N). In contrast, our polymeric microspheres gave reliable results with large S/N. The signal-amplifying effect of microspheres was also examined in the SPR imaging system [11] . Three different 11-mer ssDNA probes were placed on nine spots on a sensor chip as shown in the left part of Fig. 7 . Then analyte ssDNA solutions were charged to the sensor. First, 60M DNA, which is the complementary ssDNA to the ssDNA spotted on the M circles of the chip, was injected. The result is presented on the square coded as 'analyte only' in Fig. 7 , in which no image appeared. Next, a dispersion of SGNE-DNA was injected and the result is presented on the square coded as '0.06 wt.-% SGNE-DNA' in Fig. 7 , in which obvious images appeared at the corresponding spots and nothing at other spots. This was also the case for analyte 60W as shown in the bottom row of Fig. 7 . Thus, the effectiveness of microspheres as sensitivity-enhancer was confirmed. 
Discrimination of a point mutation using DNA-carrying microspheres under fast flow
An effective method was proposed for the enhancement of SPR sensitivity in the above section. Another important subject for the detection of a point mutation is the enhancement of selectivity, in other words, discrimination of the point mutation from normal DNA. We expected that an increasing flow rate in the sensor cell after application of the sandwich method would result in an efficient discrimination of a mutation because a DNA sandwich including an accidentally hybridized mutation would be easily cleaved and detached at fast flow due to weak binding force [12] . The increase of the flow rate begun at 2400 s (see Fig. 8 ). Flow rate change was manually operated because the Biacore SPR sensor carries no flow rate control system. This is the reason for unsmooth curves after 2400 min. The comparison of curves for 60M and 60W revealed that the weakly hybridized 60W was more detached than the strongly hybridized 60M and that the ability of point mutation discrimination was increased. The ability of discrimination (AD) of a point mutation was defined as follows; it increased from 0.61 to 0.85 by increasing the flow rate. AD = 1 -(response of mismatched ssDNA)/(response of complementary ssDNA)
The shear stress can be changed by the viscosity of running buffer solution as well as by the flow rate. SPR response was measured in some buffer solutions with different viscosities, changing the composition of buffer solution using glycerol; the result is shown in Fig. 9 . An increasing concentration of glycerol, i.e., an increasing viscosity, resulted in a larger decrease in the response of mismatched hybrid than of complementary hybrid, and, consequently an increasing AD. This was not the case in the system in which no microsphere was used. This is because no flow resistance exists in the absence of microspheres. Fig. 9 . Effect of glycerol addition on SPR response and ability to discriminate, AD, at 25°C. The conditions were the same as above except for the medium
Towards practical application of the proposed method
The cleavable sites in native DNA are limited. And it is reasonable to use natural DNA with reasonable chain length as the analyte for the detection of a point mutation. In the case of the K-ras gene, the following 85-mer DNA, whose one end was cut with a restriction enzyme Stu I and the other end with another enzyme Hinf I, is regarded as the most realistic sample DNA: 
TG GAGCT GTGG CGT TG GAGCT GTGG CGT
The experiment for the discrimination of complementary and mismatched 85-mer ssDNAs was carried out using the above-mentioned ssDNA on a 2-D SAM chip. The probe ssDNA was the same as previously used. It means that the site where a point mutation could show up was held between two long ssDNA sequences, i.e., 38-mer and 36-mer, and, consequently, it was expected that steric hindrance (Fig. 10) caused by extruding ssDNA might lead to a significant decrease in binding affinity. It is worth mentioning that the 2-D SAM chip would not allow the penetration of a 36-mer DNA segment and is not suitable for the assay of such an analyte. However, the experimental result shown in Fig. 11 revealed very clearly that the analyte ssDNA having G at the interesting point hybridized only with probe ssDNA having C. Thus, the discrimination of a point mutation could be achieved with high sensitivity even on the hard 2-D SAM surface. 
Chip
Selective hybridization of 85-mer ssDNA with 11-mer probe DNA on a SPR sensor chip. The experimental conditions were the same as those in Fig. 7 
Conclusions
Sensitivity in DNA hybridization on a SPR sensor increased by 300 times when ssDNA-immobilized polymeric microspheres were used applying the sandwich method. This is attributed to the mass of microspheres, which contribute to a significant change of the refractive index of the medium near the sensor chip. A necessary condition for the microspheres is that they are never susceptible to non-specific adsorption of DNA. Both styrene/glycidyl methacrylate copolymer microspheres and acrylamide/methacrylic acid copolymer gel microspheres were useful. But a spacer was necessary to improve the sensitivity when hard styrene/glycidyl methacrylate copolymer microspheres were used. Ethylene glycol diglycidyl ether was an excellent spacer due to its suitable hydrophilicity and length.
High shear stress in the SPR cell enabled to improve the discrimination of mismatched DNA because the hybrids that included a mismatched couple were preferentially dehybridized.
Hybridization of long DNA was not significantly suppressed even if it had extruding sequences towards the sensor chip surface.
